Purpose Luteinizing hormone (LH) exerts its actions through its receptor (LHR), which is mainly expressed in theca cells and to a lesser extent in oocytes, granulosa and cumulus cells. The aim of the present study was the investigation of a possible correlation between LHR gene and LHR splice variants expression in cumulus cells and ovarian response as well as ART outcome. Methods Forty patients undergoing ICSI treatment for male factor infertility underwent a long luteal GnRH-agonist downregulation protocol with a fixed 5-day rLH pretreatment prior to rFSH stimulation and samples of cumulus cells were collected on the day of egg collection. RNA extraction and cDNA preparation was followed by LHR gene expression investigation through real-time PCR. Furthermore, cumulus cells were investigated for the detection of LHR splice variants using reverse transcription PCR. Results Concerning LHR expression in cumulus cells, a statistically significant negative association was observed with the duration of ovarian stimulation (odds ratio00.23, p00.012). Interestingly, 6 over 7 women who fell pregnant expressed at least two specific types of LHR splice variants (735 bp, 621 bp), while only 1 out of 19 women that did not express any splice variant achieved a pregnancy. Conclusions Consequently, the present study provide a step towards a new role of LHR gene expression profiling as a biomarker in the prediction of ovarian response at least in terms of duration of stimulation and also a tentative role of LHR splice variants expression in the prediction of pregnancy success.
Introduction
Infertility can be defined as the failure to achieve a pregnancy within one year of regular unprotected intercourse. Assisted reproductive technology (ART) treatment has been developed for infertile couples accomplishing an acceptable pregnancy rate compared to natural conception. Several patient characteristics are directly related to the response to ART treatment, which consequently dictates the need for reliable, personalized diagnostic and therapeutic approaches to optimize efficacy as well as safety outcomes. In this context, it is crucial for more genetic factors, which are involved in folliculogenesis and ovulation, to be examined whether or not they participate in the desirable outcome of an ART treatment [4] .
Basically, genetic studies contribute towards our understanding of disease pathogenesis and help us to individualize the therapeutic approach. Patient tailored treatment is particularly critical in ART, as ovarian response to exogenous gonadotrophins varies widely and is often difficult to predict. Thus, genetic studies focus on genes or gene products (molecular biomarkers) that might serve in the assessment of patient's fertility treatment prognosis in order to personalize the treatment accordingly. These studies rely on the identification and characterization of natural variants or polymorphisms in DNA sequence among individuals [23, 35] .
It is widely recognized that bidirectional communication between the oocyte and surrounding cumulus cells determines the development and function of both cell types [25] . Based on this, recent studies have focused on cumulus cells gene expression, which is thought to indirectly reflect oocyte quality. Their findings have shed some light on novel biomarkers, which could be used as a non-invasive approach that preserves oocyte integrity for oocyte competence prediction [2, 14] ).
Luteinizing hormone (LH) plays a fundamental role in folliculogenesis and ovulation, since it promotes final oocyte maturation and steroidogenesis in ovarian theca, granulosa and luteal cells. In line with the two cell-two gonadotropin theory, LH promotes androgen production by the theca cells, whereas FSH induces aromatase enzyme activity and thus the utility of androgens as a substrate for estrogen biosynthesis. In addition, the LH-related increase in intra-ovarian androgens has been postulated to enhance the sensitivity of granulosa cells to FSH [9] . This aspect was reinforced by recent evidence that, in patients down-regulated by GnRH analogues, a short-term pretreatment with recombinant LH (rLH), prior to recombinant FSH (rFSH) administration, increases the number of small antral follicles prior to FSH stimulation and the yield of normally fertilized (2PN) embryos [6] . Therefore, rLH pre-treatment may have a modest impact on subsequent ovarian responsiveness to FSH. However, only a subset of infertile women seem to benefit from the addition of LH to the stimulation protocol [20] . This could be possibly attributed to the differential luteinizing hormone receptor (LHR) gene expression profile in these women.
In fact, many studies have focused on the identification of a threshold of serum LH level above which a favorable ART outcome exists. Levels of less than 1.5 IU/L do not support aromatase activity and estradiol production, whereas low preovulatory levels of less than 3 IU/L in patients undergoing IVF are associated with impaired fertilization and increased early pregnancy loss [5, 38] . These discrepancies can be attributed to the use of different GnRH-agonist formulations, different LH assays, different gonadotrophin stimulation regimens and single point serum LH evaluation or serial LH assessments [16, 38] . However, differential LHR gene expression and/or LH splice variants expression in cumulus cells could be responsible for these inconclusive results.
Luteinizing hormone receptor (LHR) belongs to the rhodopsin/β 2 -adrenergic receptor subfamily A of G-proteincoupled receptors (GPCR) and has a large extracellular Nterminal ectodomain of less than 350 and up to 500 residues, which is involved in selective and high-affinity ligand binding. The hormone binds to the N-terminal ectodomain of the LHR instead of the transmembrane domains. Two highly conserved cysteine residues in the extracellular domain are thought to form a disulfide link, leading to a consequent packing and stabilization of a restricted number of conformations at the transmembrane helices of the receptor [1] . It was first found to be expressed in testicular and ovarian cells probably because it has an unusually high expression level in these organs. However, previous studies confirm that the LHR expression profile varies. Particularly, the LHR expression has been found to be expressed in the reproductive [34] and nervous system [19] , prostate [33] , adrenal gland [28] , uterus [34] , as well as in sperm [7] and ovum [30] . In addition, LHR expression has been monitored in some pathological conditions, concerning infertility and abnormal steroid hormone balance and in many cases, the expression is based on LHR mRNA detection [18, 37] .
With regards to the ovary, LHR is mainly distributed in the theca cells. However, it has also been found in the oocyte and granulosa cells, as well as in cumulus cells surrounding mature oocytes in mice [10] . Besides, lower level of expression has also been detected in cumulus cells surrounding immature oocytes [10] . Normally, granulosa cells acquire LHR once the follicle reaches roughly 10 mm in size, i.e. during the mid follicular phase [13] . Interestingly, it has been shown that in ovulatory women with or without polycystic ovaries, granulosa cells responded to LH once follicles reached 9.5-10 mm, whereas in anovulatory patients with polycystic ovaries they responded to LH in follicles smaller than 4 mm [39] . LHR expression is further induced by FSH stimulation before oocyte maturation [10] .
Previous investigations into the expression of the LHR in different species have described multiple splice variants generated by alternative splicing of the primary transcript. Minegishi and his co-workers detected two splice variants of the human luteal LHR [26] . Furthermore, Madhra and his co-workers described alternative splicing around the hinge region of the LHR in human corpora lutea and luteinized granulosa cells, detecting four splice variants of the LHR including the full length receptor, two of which contained premature stop codons [24] .
In the present study, we examined LHR expression in cumulus cells of women undergoing a long luteal GnRHagonist down-regulation protocol with rLH-priming for ICSI. Furthermore, we investigated the expression of LHR splice variants in cumulus cells of the same women. The primary endpoint was to investigate whether a correlation between LHR expression and demographic, hormonal or clinical characteristics exists. The secondary endpoint was to study if LHR splice variants expression is associated with ovarian response and ART outcome and thus it could serve as a biomarker in the evaluation of fertility treatment outcome prediction.
Materials and methods

Patient population
A total of 40 patients undergoing ICSI treatment [29] for male factor infertility were enrolled into a specific ART program. All women were pre-menopausal, 25-45 years of age with a normal hormonal profile according to WHO guidelines. Each of them had at least one unsuccessful ICSI treatment in the past, but had not received ovulation induction or other hormonal treatment within three months preceding recruitment.
Patients' demographic characteristics (age, BMI, duration of infertility) were recorded before ovarian stimulation protocol. Gonadotrophin dose, duration of ovarian stimulation, number of follicles, oocytes and fertilized oocytes corresponding to each patient were monitored during the treatment cycle. It should be noted that day 2 hormonal profile (FSH, LH, PRL) had been measured within the previous six months.
Ovulation induction
Soon after the design of the study and before patient recruitment, the protocol was approved by the Ethics Committee of Alexandra Hospital and an informed consent was provided by all participants.
All patients underwent a long luteal GnRH-agonist downregulation protocol. A baseline ultrasound scan on day 21 of the preceding cycle was followed by intranasal Buserelin spray (Superfact; Hoechst, Frankfurt, Germany) initiation at a dose of 100 μg five times daily for 14 days. Pituitary down-regulation and subsequent ovarian suppression was confirmed with ultrasound scan (absence of ovarian cysts and endometrial proliferation) and low serum E2 levels (<40 pg/ml). If the above criteria were not met, downregulation was extended for another week. As soon as pituitary desensitization had occurred, a fixed 5-day pretreatment with 200 IU/day of rLH (Luveris; Serono, Geneva, Switzerland) followed by stimulation with 225 IU/day of rFSH (Gonal-F; Serono, Geneva, Switzerland) for five days and adjustment of the dose of rFSH thereafter was applied . Serum E2 levels were measured on day 5 and daily from day 8 of rFSH stimulation. Ultrasound scan was performed on a daily basis from day 9 and follicular growth along with endometrial thickness were recorded.
A dose of 10,000 IU of hCG (Pregnyl; N.V. Organon, Oss, Netherlands) for triggering final oocyte maturation was decided once the mean diameter of at least two follicles was >18 mm and serum E2 was rising. Oocytes were retrieved by transvaginal ultrasound-guided ovarian puncture 35-36 h post hCG injection. Oocyte maturation was assessed under the microscope following stripping of the cumulus-oocyte complexes and mature oocytes (metaphase II) were used for ICSI.
On day 3, three embryos were transferred back to the uterus. Luteal phase support was provided with vaginal progesterone pessaries started on the day of oocyte retrieval as well as 2,500 IU of hCG given on the days of embryo transfer and four days later. Pregnancy was confirmed with serum hCG levels determined 14 days following egg collection, whereas clinical pregnancy was defined as a gestational sac with positive fetal heart activity seen on transvaginal ultrasound scan two weeks later.
RNA extraction and cDNA preparation
For the determination of LHR mRNA expression cumulus cells were collected on the day of ooocyte retrieval. In particular, the cells were segregated from cumulus oocyte complexes (COCs) through the process of stripping using hyaluronidase. RNA was extracted using the RNeasy Micro Kit (Qiagen, Valencia, CA, USA) as previously described [31] .
Aliquots (10 μl) of total RNA extracted were reversetranscribed using 8 μl dNTP mix, 10 μl nuclease free water, 4 μl oligo dT Primer, 4 μl RT buffer (Ambion, Austin, Tx, USA), 2 μl ribonuclease inhibitor and 2 μl M-MLV reverse transcriptase (Invitrogen Life Technologies). The reactions were carried out in Mastercycler (Eppendorf) with the following conditions: 80°C for 3 min, 42°C for 60 min, and 92°C for 10 min. The resulting cDNAs were stored at −20°C.
Real-time PCR
The expression of human LH receptor in cumulus cells was examined by real-time PCR using the primers and probes set particularly designed for this study. The oligonucleotide primers for LHR gene were synthesized by TIB MOLBIOL and their sequences were as follows: LCGRx9 S:5′-CTGCCGAGCTATGGCCTAG-3′ and LCGRx9,10 A:5′-ATTCTGTTCTTTTGTTGGCAAGTT-3′. The sequences of the probes also synthesized by TIB MOLBIOL were as follows: LHCGR-FL:5′-AACATTTGTCAATCTCCTG GAGGCC-FL and LHCGR-LC:5′-LC640-CGTTGACT TACCCCAGCCACTGC-PH. The specific primers and probes were used at a concentration of 20 pmol/μl in each reaction. Real-time PCR was performed on LightCycler 480 II (Roche) with the following parameters: one cycle at 95°C for 10 min for pre-incubation and 40 cycles for amplification [95°C for 10 s, 57°C for 20 s, 72°C for 10 s]. All PCR mixtures contained 5 μl cDNA, 2 μl master mix of LightCycler 480 Genotyping Master (Roche), 4 μl primer mix of 16x hu G6PD (TIB MOLBIOL), 2.4 μl MgCl 2 of LightCycler 480 Genotyping Master (Roche), 0.5 μl for each primer and 0.2 μl for each probe.
Expression of LHR gene was normalized to G6PDH expression (LightMix Kit human G6PD, TIB MOLBIOL).
In particular, Cp-value was used, which represents the timepoint at which the fluorescence of the sample rises above the background fluorescence during the real-time PCR process and the results were converted to ratios based on the reference of Müller and his co-workers [27] using G6PDH as gene reporter in order to have comparable results. LHR expression was categorized into three groups based on the quartiles of the overall distribution. Hence, low expression was defined up to 25th percentile (<00.0057), medium expression from 25th up to 75th percentile (0.0058-0.150) and high expression from 75th percentile and up (>0.150).
Detection of splice variants with RT-PCR cDNA was also used for the detection of splice variants of LHR gene through Reverse Transcription PCR (RT-PCR). The primers were obtained from TIB MOLBIOL, Germany and the sequence was based on previous studies [24] . Two μl of cDNA were added in a 25 μl total volume containing 10X Reaction buffer, 1.5 μl MgCl 2 , 1 μl of each primer, 1 μl dNTPs and 0.3 μl Taq polymerase. The reaction mixture was incubated for 30 s at 95°C, 1 min at 62°C and 90 s at 72°C. The above steps were repeated for 30 times with an initial denaturation step of 95°C for 5 min and a final elongation step of 72°C for 10 min. PCR products were electrophoresed in a 2% agarose gel and visualized under U.V.
Statistical analysis
The results of the present study were subjected to statistical analysis. Due to the deviation from normality we applied non-paramentric Kruskal-Wallis and Mann-Whitney tests in order to evaluate the univariate association of demographic and biochemical factors, as well as factors included in the ovarian stimulation profile of each patient and LHR gene expression in cumulus cells. In addition, we applied multiple logistic regression to investigate possible determinants of LHR gene expression. It should be noted that statistical significance was defined at the level of 5% (p<0.05).
Results
LHR expression in cumulus cells
LHR expression in cumulus cells measured through quantitative PCR (real time PCR) was low in 9 women, medium in 19 women and high in 12 women out of the 40 women that consisted our study population. As a result, medium to high expression of LHR gene in cumulus cells was observed in 6 out of 7 women who fell pregnant, since 4 out of 7 women with pregnancy presented high LHR gene expression, two women had medium expression and one woman low expression. Statistical analysis was conducted to study possible correlations between LHR expression and demographic, hormonal and clinical parameters (Table 1) . Interestingly, a statistically significant difference was detected between the LHR gene expression in the three groups of women and the duration of ovarian stimulation (p00.044). Women with high expression of LHR gene in cumulus cells required a shorter ovarian stimulation period compared to women with low and medium expression (median010 vs 11 days). The above finding was reinforced by multiple logistic regression analysis, when we combined women with low and medium LHR expression and compared them with those that had high expression. In fact, a statistically significant inverse Table 2 . Furthermore, although non-statistically significant, a trend towards a negative association was found between LHR expression and woman's age (OR00.43, 95%CI: 0.14-1.35, p00.148). Finally, a trend towards a favorable correlation was seen between LHR expression and ART outcome in terms of success of pregnancy, as 4 out of 12 women with high expression (33.3%) fell pregnant contrary to 2 out of 19 with medium (10.52%) and 1 out of 9 with low expression (11.11%). However, this finding did not reach statistical significance.
Splice variants of LHR gene in cumulus cells
Apart from the expression of LHR, splice variants of this gene were also investigated in cumulus cells, in order to conclude whether or not the number and/or the type of splice variants expressed in those women are related to ART outcome in terms of pregnancy. Specifically, 4 different types of splice variants of LHR gene including the full length receptor were investigated having the following sizes: 921, 735, 621 and 432 bp (the product 921 bp represents the full length receptor). Figure 1 shows indicatively the types of splice variants of LHR gene expressed in cumulus cells after performing electrophoresis in 2% agarose gel. According to the results of electrophoresis, 17 over 40 women expressed all four types of splice variants of LHR gene, one woman the three types, three women the two types, while in 19 over 40 women none of the splice variants studied was detected. Nevertheless, none of the 40 the patients expressed a single splice variant. Table 3 demonstrates the combinations of splice variants of LHR gene detected in women that succeeded a pregnancy. As presented, 6 out of 7 women that achieved a pregnancy expressed at least two specific types of splice variants (735 bp, 621 bp). It should be mentioned that only 1 out of 19 women that did not express any of the four types of splice variants through RT-PCR fell pregnant, even though in that patient the expression of LHR was detected in cumulus cells through real-time PCR.
Discussion
This study was designed to determine LHR gene expression as well as LHR splice variants expression in cumulus cells of women who underwent a course of rLH-priming in controlled ovarian hyperstimulation for ICSI in order to investigate the potential role of LHR expression profile in the ART processes. Although extensively studied, the addition of LH activity in the form of rLH, hMG or hCG in controlled ovarian hyperstimulation (COH) is still considered a matter of debate. Several studies have drawn contradictory conclusions regarding the ideal form and amount of LH activity, the optimal time frame to be given (pre-treatment, early, late follicular phase or thoughout the follicular phase) and the ideal female population in terms of age and prognosis to fertility treatment in general. The differences in GnRHagonist formulations, LH assays, gonadotrophin stimulation regimens and single point serum LH evaluation or serial LH assessments have been charged for these discordancies. However, differences in the expression profile of LHR and its splice variants between women who seem to benefit or not from LH activity in COH cannot be excluded.
Recent evidence in non-primates has shown that LH may act by increasing intra-ovarian androgens, which in turn Table 2 Multiple logistic regression with the derived odds ratios (ORs) for 95% confidence intervals (CIs) for the association between LHR gene expression in cumulus cells and days of stimulation, as well as age promote FSH responsive granulosa cell function [9] . We opted a fixed 5-day course of 200 IU rLH daily dose for pre-treatment and not a 7-day one of 300 IU used by others [6] because we designed to start rLH as soon as pituitary desensitization had occurred prior and not concurrently with rFSH administration. We thought that a higher dose would probably compromise follicular potential as LHR are present only on theca and not granulosa cells by that time.
The acknowledgement of bidirectional communication between the human oocyte and the surrounding cumulus cells have recently led to the investigation of cumulus cell gene expression in an effort to unfold the microenvironment the oocyte is exposed during the final stages of maturation. Although such studies are still in their infancy, new insights from the cumulus cell transcriptome and/or the proteins it produces might help in the assessment of oocyte quality. In this study, we decided to isolate cumulus cells by stripping COCs with the application of hyaluronidase according to our routine practice. Although a potential effect of the enzymatic method in cumulus cell gene expression profile cannot be ruled out, we thought that mechanical isolation of cumulus cells before ICSI could jeopardise the success of our patients' fertility treatment rendering our strategy unethical. Nevertheless, hyaluronidase has been used by other researchers in cumulus cell gene expression studies even in non-human mammals (cows) [2, 3] .
A study by Haouzi and his co-workers found LHR expression in cumulus cells of all the patients studied without significant differences in LHR gene expression profile between GnRH agonist long or antagonist protocols and between hMG or rFSH treatments [12] . However, others reported a lower LHR gene expression in floating granulosa cells in patients undergoing a long GnRH agonist protocol with hMG in comparison to rFSH [11] . Our results are in line with the findings of Haouzi and his co-workers, in that LHR gene expression was detected in cumulus cells of all the patients, who underwent an ICSI protocol. Of note, these women underwent a specific ART procedure with rLH pretreatment prior to rFSH stimulation. Notably, the vast majority of the subset of women that succeeded a pregnancy (6 out of 7 women) showed medium to high expression and only one woman had low expression. It should be mentioned that a statistically significant negative association was observed between days of stimulation and LHR gene expression in cumulus cells (OR00.23, p00.012), suggesting a favorable role of LHR in ovarian response, since women with high LHR mRNA levels needed a shorter period of stimulation. However, in our population, rLH pre-treatment anteceded COH protocol and LH activity was omitted during rFSH stimulation period. In case that future larger scale studies validate our results, the potential correlation of LHR expression with the duration of stimulation as well as other demographic, hormonal and clinical parameters of the ART process in various LH activity schemes could be investigated.
Another genetic approach of the correlation between LHR expression and ART procedure is through the detection of splice variants. Various studies have been published concerning LHR splice variants, which play a significant role in LHR functions. In particular, alternative splicing appears to be associated with cycle-dependent regulation of LHR mRNA levels in human endometrium [21] and receptor down-regulation in rat corpora lutea [17] . In addition, the different types of splice variants have also been shown to take place in pathophysiological conditions, such as endometrial carcinomas, which is related to increased levels of spliced LHR transcripts [22] or in human ovarian [31, 36] and breast epithelial cell tumors [15] , in which alternative splicing is shown to be altered or ceased when compared to normal cells.
Madhra and his co-workers described four different types of splice variants including the full-length LHR, which we also detected in cumulus cells. In the same study, they tried to detect a splice variant lacking exon 10, but no patient showed such a deletion. In our study no patient showed an exon 10 deletion confirming the hypothesis that this region is probably highly conserved. Given that LHR gene expression in cumulus cells was found through real-time PCR in our study population, the seemingly contradictory result of 19 women expressing none of the LHR splice variants studied, including the full length receptor, can be probably attributed to the lower sensitivity of RT-PCR technique compared to real-time PCR. It is known that the latter has a sensitivity of detection of 10 copies. Such a low number of copies cannot be identified with RT-PCR. Of note, the presence of cDNA was verified in all samples using G6PD as a reporter gene [8] , even in samples where LHR splice variants were not detected through RT-PCR.
Our results show a tentative favorable outcome for women with at least two specific splice variants (735 bp, 621 bp), which could lead to the hypothesis that this combination in women pre-treated with rLH might contribute a better microenvironment to the developing oocyte leading to a superior oocyte quality and competence. Another potential assumption could be the production of a different but functional LHR protein isoform by alternative splicing, which may act as a receptor of hCG in maternal recognition of pregnancy.
It is also remarkable that women in which none of the four types of splices variants was detected through RT-PCR, even if they had an expression of LHR gene in cumulus cells through real-time PCR, did not achieve pregnancy. In addition, only 1 out of 19 women without detectable splice variants resulted in pregnancy. This could imply that among other factors, a threshold level of LHR gene expression favors pregnancy attainment and maybe this level lies within the detection range of RT-PCR. Interestingly, the presence of a single splice variant was not detected in any of the 40 women. Further investigation with molecular and protein techniques is needed to further assess this finding. However, the sequence of LHR amplified by real-time PCR is probably common to all samples, but deletions in exons upstream and downstream correspond to a truncated and non-functional protein.
In conclusion, the present study confirmed LHR gene expression in cumulus cells in patients undergoing rLHpriming in controlled ovarian stimulation for ICSI. Obviously, alternative splicing of LHR gene affects the structure and thus the function of LHR in the ovary. Moreover, different expression patterns of LHR gene possibly participate in the response to ovarian stimulation, with an expression threshold related to the favorable outcome. Provided that these findings are confirmed and validated by other researchers in future studies, optimization and standardization of LHR gene expression techniques in cumulus cells removed from COCs before ICSI, might offer a noninvasive method that preserves oocyte integrity in the selection of the most competent gametes for fertilization. This could probably result in improved fertilization, implantation and pregnancy rates. Meantime, studies on patients undergoing COH through different LH activity schemes and also conventional protocols lacking rLH-priming effect could be conducted to clarify whether LHR gene and LHR splice variants expression profile in cumulus cells depends on rLH pre-treatment and to which extent, in order to tailor COH protocol to the individual patient. Although our results are awaiting confirmation, they provide a step towards a new role of LHR gene expression profiling in the prediction of ovarian response at least in terms of duration of stimulation and also a tentative role of LHR splice variants expression in the prediction of pregnancy success.
